A molecular dating of the phylogenetically basal eudicots (Ranunculales, Proteales, Sabiales, Buxales and Trochodendrales sensu Angiosperm Phylogeny Group II) has been performed using several fossils as minimum age constraints. All rbcL sequences available in GenBank were sampled for the taxa in focus. Dating was performed using penalized likelihood, and results were compared with nonparametric rate smoothing. Fourteen eudicot fossils, all with a Cretaceous record, were included in this study for age constraints. Nine of these are assigned to basal eudicots and the remaining five taxa represent core eudicots. Our study shows that the choice of methods and fossil constraints has a great impact on the age estimates, and that removing one single fossil change the results in the magnitude of tens of million years. The use of several fossil constraints increase the probability of approaching the true ages. Our results suggest a rapid diversification during the late Early Cretaceous, with all the lineages of basal eudicots emerging during the latest part of the Early Cretaceous. Today the big picture of angiosperm phylogeny is rather well understood, and based on analyses using multiple genes and extensive sampling (e.g., Soltis et al., 2000) a new classification system for flowering plants is now emerging, the Angiosperm Phylogeny Group II system (APG II, 2003). Better resolved phylogenies in combination with new methods for estimating divergence times (e.g., Sanderson, 1997; Huelsenbeck et al., 2000; Britton et al., 2002; Sanderson, 2002; Thorne and Kishino, 2002) and an increasing number of taxonomically identifiable fossils (e.g., Friis et al., 2005) have resulted in an ever growing interest in molecular dating of phylogenies (e.g., Aris-Brosou and Yang, 2002; Conti et al., 2002; Yang and Yoder, 2003; Schneider et al., 2004) . So far the datings have given widely different results, although more recent studies tend to converge on similar ages (Sanderson et al., 2004; Bell and Donoghue, 2005). Especially datings of the lower nodes within the angiosperms, have given much older ages than those obtained from the fossil record (e.g., Wikström et al., 2001). For reviews of dating methods and studies see Magallón (2004) and Sanderson et al. (2004) .
Today the big picture of angiosperm phylogeny is rather well understood, and based on analyses using multiple genes and extensive sampling (e.g., a new classification system for flowering plants is now emerging, the Angiosperm Phylogeny Group II system (APG II, 2003) . Better resolved phylogenies in combination with new methods for estimating divergence times (e.g., Sanderson, 1997; Huelsenbeck et al., 2000; Britton et al., 2002; Sanderson, 2002; Thorne and Kishino, 2002) and an increasing number of taxonomically identifiable fossils (e.g., Friis et al., 2005) have resulted in an ever growing interest in molecular dating of phylogenies (e.g., Aris-Brosou and Yang, 2002; Conti et al., 2002; Yang and Yoder, 2003; Schneider et al., 2004) . So far the datings have given widely different results, although more recent studies tend to converge on similar ages (Sanderson et al., 2004; Bell and Donoghue, 2005) . Especially datings of the lower nodes within the angiosperms, have given much older ages than those obtained from the fossil record (e.g., Wikström et al., 2001) . For reviews of dating methods and studies see Magallón (2004) and Sanderson et al. (2004) .
In this study we focus on the basal grade eudicots comprising the monophyletic groups Ranunculales, Proteales, Sabiales, and Trochodendrales sensu APG II (2003) (see Fig. 1 ). No previous dating focusing on these groups have been performed, although a few earlier studies have addressed questions on phylogeny and ages of these groups (e.g., Magallón et al., 1999) . Proteaceae has also been used by Martin and Dowd (1988) in an attempt to calibrate a molecular clock for the angiosperms.
The aim of this study is to present a molecular dating of the basal eudicots using multiple fossil reference-points based 1 Manuscript received 20 January 2005; revision accepted 11 July 2005. The authors thank Nahid Heidari for obtaining sequences for 15 additional taxa and Jerry Anderson and Ola Lundström for contributions to the illustrations. The study was supported by a Swedish Research Council grant to K.B.
5 Author for correspondence (e-mail: cajsa.anderson@ebc.uu.se) on already published phylogenetic studies of the group. We do not attempt to contribute to phylogenetic reconstruction of eudicots, although our analysis contains the largest sampling for the group so far. All rbcL sequences of basal eudicot taxa available in GenBank as well as some newly sequenced species are included in the analysis (see Appendix). Divergence times were estimated using penalized likelihood (Sanderson, 2002) and nonparametric rate smoothing (Sanderson, 1997) , with several fossils as minimum age constraints.
MATERIALS AND METHODS
Data set-The problem of undersampling in phylogenetic dating has so far received little attention. However, in a recent study Linder et al. (2005) , show that undersampling results in ''oversmoothed'' results, i.e., overestimating the lower nodes and underestimating the higher nodes. This is real for all available dating methods when the number of taxa is under 150. Adding more taxa therefore seems to be more important for good age estimates, than adding longer sequences or additional genes. The problems are due to branch length being a function of both substitution rate and time. It has recently been shown by simulations (Britton, 2005 ) that these factors cannot be separated consistently by available dating methods. We therefore extended the taxon sampling as much as possible, using the most commonly sequenced gene, rbcL.
All rbcL sequences of phylogenetically basal eudicots (Ranunculales, Proteales, Sabiales, Buxales and Trochodendrales sensu APG II, 2003) recorded in GenBank were downloaded. A few multiple sequences and sequences with poly-N stretches were discarded. For underrepresented families additional sequences were added using herbarium material from the Botanical Museum in Uppsala (UPS). As placeholders for core eudicots we added sequences from orders and families considered basal in the core eudicots (APG II, 2003) . Sequences from Ceratophyllaceae and Magnoliales were used as outgroups. The resulting data set consists of 114 sequences from basal eudicots, 92 sequences from core eudicot taxa and seven sequences from outgroup taxa. All taxa used in the study are listed in the Appendix. Alignment of sequences was done in Se-Al (Rambaut, 1996) . The resulting matrix has 1401 characters, of which 797 are variable.
Tree-Using MacClade (Maddison and Maddison, 2003) we manually constructed a phylogenetic backbone constraint based on previous studies of eu-[Vol. 92 AMERICAN JOURNAL OF BOTANY Fig. 1 . The families of the basal eudicot grade and some of the fossils we used as constraints. Minimum age constraints for selected nodes are given in millions of years. The illustrated fossils are from top down Teixeiraea lusitanica, Prototinomiscium vangerowii, Tricolpites, Insitiocarpus moravicus, Platanocarpus, ''Buxales,'' and Spanomera marylandensis (see Table 1 ). Drawings by Jerry Anderson. (Knobloch and Mai, 1986) dicot phylogeny. Orders were adopted from APG II and monophyly of families and genera was presupposed. References for all included clades are listed in the Appendix. Studies with extensive taxon sampling and combined data sets were preferred (Cuenoud et al., 2002; . A clade was considered well supported and stable if found in more than one study and had more than 85% bootstrap/jackknife support. Clades with less than 85% support were collapsed to polytomies. The final backbone constraint contained 173 taxa, and can be obtained from the first author. Forty taxa could not be included in the constraint because they were not previously included in any phylogenetical studies. A completely resolved tree with all taxa was obtained by a heuristic PAUP* 4.0 (Swofford, 2002) search. The 40 taxa not included in the backbone constraint were added to the matrix. Only trees consistent with the backbone constraint were retained at each step. The analysis resulted in two fully resolved most parsimonious trees differing only within Proteaceae and not affecting family interrelationships. The first one was saved, and the branch lengths were recalculated as length per nucleotide site using the maximum likelihood option in PAUP* applying the GTRϩ⌫ model with the default setting of 0.5 for the gamma shape parameter. Ideally, the latter is estimated from the data, but it increases computation time beyond that currently possible. The variation in branch lengths depending on model specification in optimization is, however, small, and does not have any impact on the age estimates in this study . The tree with its branch lengths was used as the input tree for the dating programs.
Non-clocklike behavior-To check if the data set departed from a molecular clock we used the computer program PATH (Britton et al., 2002) . PATH contains a built-in function that quickly estimates whether the observed substitution rate follows a molecular clock. The data set departed significantly from a molecular clock at 121 of the 212 nodes. Nodes that did not depart significantly from a molecular clock were only found within families. PATH also contains a dating method under the assumption that a clock exists. Since the clock was rejected we did not use PATH to estimate divergence times in this study.
Dating-Dating was done using penalized likelihood (PL) (Sanderson, 2002) as implemented in the r8s program (version 1.6) (Sanderson, 2003) . For comparison, we also used nonparametric rate smoothing (NPRS) (Sanderson, 1997) . NPRS allows rates to vary over the tree but minimizes a quadratic function of the rate changes in adjacent branches. This roughness penalty is in PL combined with a model-based likelihood approach. The penalty in PL is regulated by a smoothing parameter obtained by a cross-validation procedure. In our data set the optimal smoothing value was found to be ϳ100. Input files for NPRS and PL can be obtained from the first author upon request.
Age constraints from the early fossil record of eudicots-As fossil constraints, we have used all first occurrences in the Cretaceous of basal eudicots adopting a cautious approach using mainly reproductive organs such as flowers, fruits, and seeds. In a few cases, pollen grains and leaf impressions have also been used where sufficient distinctive characters are available for a systematic assignment at family or ordinal level. For absolute ages, the Cretaceous time scale of Gradstein et al. (1995) have been adapted. Table 1 summarizes the fossils we used as constraints.
The r8s program requires at least one reference point to be fixed. Tricolpate pollen, characterized by three slit-like apertures in a radial symmetrical arrangement around the equator, is a synapomorphy for eudicots not found in any other group of plants. The earliest fossils that can reliably be attributed to the eudicots are small tricolpate pollen grains from the Barremian of southern England (Hughes and McDougall, 1990) and from Equatorial Africa (Doyle, 1992) . The abundance of fossil pollen in most sedimentary rock, together with the distinctiveness of tricolpate grains make it unlikely that tricolpate pollen should have had a long, undetected pre-Barremian history All other fossils were used as minimum age constraints. Any fossil with a reliable synapomorphy for a particular crown group in the tree is implicitly placed along the lineage from the stem node to the crown node of that group, meaning that the stem node is at least as old as the fossil, or has a minimum age equivalent to that of the fossil (Fig. 1) .
Ranunculales-The
Cretaceous record of well-documented Ranunculales fossils is sparse. This may partly be explained by the herbaceous or shrubby habit of most members of the order. Leaves of herbaceous plants often lack an abscission zone and typically weather while still attached to the plant. Problems in identifying synapormorphies for the group may also partly explain why so few reliable ranunculalean fossils have been described also from younger strata. Currently only a single floral structure and a few fruits from the Cretaceous have been assigned to the Ranunculales with certainty. A number of leaf fossils assigned to various families of the group are based solely on gross morphology, and none of these identifications have been confirmed by anatomical or micromorphological details although they may well be representatives of the family.
Teixeiraea lusitanica is the oldest fossil that can be linked with some confidence to the Ranunculales, and it is used here as a minimum age constraint for the stem group Ranunculales (Fig. 1 , Table 1 ). It is a small staminate flower described from the Early Cretaceous flora of Vale de Agua, Portugal (von Balthazar et al., 2005) . The flower is staminate and actinomorphic with bracts and perianth organs apparently borne in a spiral arrangement without clear differentiation between the different organ categories. The androecium consists of many stamens of two sizes. Pollen grains are small, tricolpate and perforate with columellate infratectal layer. The fossil displays many characters found scattered in the Ranunculales. Teixeiraea probably represents a separate, now extinct phylogenetic lineage within crown group Ranunculales or along the stem lineage (von Balthazar et al., 2005) . The age of the flora is not fully established. A pre-Albian age (Barremian or Aptian) was suggested earlier for the Vale de Agua flora (e.g., Friis et al., 2001 ), but a late Aptian age or even slightly younger age (early Albian) has been suggested recently (for references see von Balthazar et al., 2005) .
The Menispermaceae are represented in the Cretaceous of Europe by endocarps assigned to the fossil genus Prototinomiscium (see Fig. 1 , Table 1 ). The oldest record is from the Turonian of Central Europe Mai, 1984, 1986) . The endocarps were compared to those of extant Menispermaceae, tribe Tinosporeae, based on the distinct keel that runs along both the ventral and dorsal margin of the endocarp, and on a pair of characteristic cavities on the ventral side of the endocarp near the placenta.
Other Cretaceous taxa with features suggestive of Ranunculales include several impression fossils, most of which are described from the Potomac Group sediments of eastern North America (e.g., Doyle and Hickey, 1976) and from central and eastern Asia (e.g., Vakhrameev, 1952; Vakhrameev and Krassilov, 1979; Krassilov et al., 1983) . Among these fossils are leaves from the Aptian of Maryland assigned to Vitiphyllum multifidum (Fontaine, 1889; Hickey and Doyle, 1977) and an axis with leaves and infructescences from the Albian of Kazakhstan described as Caspiocarpus paniculiger (Vakhrameev and Krassilov, 1979) . None of these have sufficient characters preserved for a secure systematic placement. This is also true for leaves described from North America as Winchellia triphylla and assigned to the Berberidaceae (Lesquereux, 1893) . Ranunculaecarpus quinquecarpellatus is a reproductive organ from the Albian of the Kolyma Basin, Siberia, tentatively assigned to the Ranunculaceae (Samylina, 1960) . Information currently available on this fossil, however, is insufficient for a definite systematic assessment.
An intriguing fossil plant of possible affinity to Ranunculaceae from the Early Cretaceous of Spain includes slender stems with strongly dissected leaves indicating an aquatic habit. It was first described as Montsechites ferreri (Teixeira, 1954) but later transferred to the extant taxon Ranunculus aquatilis (Blanc-Louvel, 1984) . In gross morphology it is indeed very similar to modern Ranunculaceae, but the fossil has small spiny reproductive units in the axils of the leaves that are distinctly different from fruits of Ranunculaceae and Montsechites cannot be included in this family based on the evidence currently available.
Sabiales-The Sabiaceae are represented in the Late Cretaceous floras of Europe by four species assigned to the two extant genera Sabia and Meliosma, and five species assigned to the fossil genus Insitiocarpus (Knobloch and Mai, 1986) . The fossil species are based on fruit remains with distinct synapormorphies of the Sabiaceae including uni-or bilocular endocarps characterized by a deep funicular cavity with or without funicular plug, and semi-anatropous seeds with a thin seed wall (Knobloch and Mai, 1986) . The oldest of the records is Insitiocarpus moravicus (Fig. 1, Table 1 ) described from the Cenomanian Peruc-Schichten in the Czech Republic (Knobloch and Mai, 1986) . Fossil endocarps assigned to Sabia are slightly younger occurring from the Turonian and onwards and fossil Meliosma is known from the Maastrichtian and onwards (Knobloch and Mai, 1986) .
Petrified twigs and stems of Sabiocaulis sakuraii described from the Late Cretaceous of Hokkaido, Japan, have anatomical features closely similar to those of extant Sabia and may also represent an early occurrence in Asia of the family (Stopes and Fujii, 1910) . The age of the fossils is late TuronianSantonian (Nishida, 1991) and the wood is thus contemporaneous with the Sabia endocarps of Europe. According to Nishida (1991) , however, the systematic position of Sabiocaulis is not fully resolved.
Proteales-All three families of the Proteales are present in the Cretaceous floras. The earliest reliable record of the Nelumbonaceae is leaves of Nelumbites extenuinervis (Table 1) and associated stems and reproductive remains described from the middle to early late Albian of Virginia, USA (Upchurch et al., 1994) . The fossils are placed in the Nelumbonaceae based on the peltate, almost orbicular leaf shape with the point of petiole attachment inserted towards the center of the lamina, an agreement in venation pattern and a tendency for dimorphism in laminar shape. Associated tepals show shape and venation pattern comparable to that of extant Nelumbo, and impressions with circular protuberances show strong similarity to the floral receptacle of Nelumbo. Similar leaves were also reported from the early to middle Albian flora of western Kazakhstan as Nelumbites tenuinervis (Vakhrameev, 1952) . These occur isolated, and the preservation is not as complete as for the North American specimens. Nelumbites minimus, also from the early to middle Albian of western Kazakhstan (Vakhrameev, 1952) and Nelumbites aff. minimus from the late Albian of Eastern Siberia (Samylina, 1968) have tiny leaves, about 1-2 cm in diameter. The Siberian material is better preserved, and have leaves attached to slender stems in an alternate arrangement distinctly different from the arrangement in extant Nelumbo.The affinity to Nelumbonaceae is not clear for these fossils.
Leaf and reproductive remains of Platanaceae are abundant throughout the middle and Late Cretaceous. The earliest occurrences are pistillate and staminate floral structures and associated leaves described from the early to middle Albian flora of the Brooke locality, Virginia, USA (Crane et al., 1993) . The pistillate flowers, Platanocarpus brookensis (Table 1) , are similar to flowers of extant Platanus in being densely clustered in spherical inflorescences. Synapormorphies of the group include the undifferentiated perianth, apocarpous gynoecium, and carpels with a single pendant and orthotropous to semiorthotropous ovule. Platanocarpus brookensis is similar to other Cretaceous platanoid pistillate flowers in having five carpels in a radial symmetrical position, while pistillate flowers of extant Platanus have an irregular gynoecium usually with more than five carpels. The staminate structures, Aquia brookensis, associated with Platanocarpus brookensis consist of dispersed stamens only. Leaves associated with the reproductive structures are assigned to the fossil genus Sapindopsis. They are different from leaves of extant Platanus in their pinnate organization, but similar to Platanus in epidermal features (Crane et al., 1993) . Several other species of Platanaceae are reported from the Early Cretaceous of eastern North America documenting that this group was well-established early in the history of angiosperms. Platananthus potomacensis and Platanocarpus marylandensis are staminate respectively pistillate flowers from the late Albian of Maryland (Friis et al., 1988) , and Hamatia elkneckensis and Platanocarpus elkneckensis are corresponding platan-oid fossils from the latest Albian of northeastern Maryland, USA (Pedersen et al., 1994) .
The Proteaceae have an extensive fossil record in the southern hemisphere from the Late Cretaceous onward. The Cretaceous fossils are mainly dispersed pollen, while the Cainozoic record also includes abundant leaf fossils and reproductive organs. Pollen grains of Proteaceae are typically oblate, tricolporate, triporate, or biporate. The tricolporate and triporate forms may in general pollen morphology and structure be difficult to distinguish from pollen of several other eudicot families. However, thorough palynological studies of extant Proteaceae at the ultrastructural level have provided additional characters that can be used to assign dispersed pollen to the family, sometimes at the level of subfamily or tribes (for references, see Dettmann and Jarzen, 1998) . The earliest dispersed pollen that can be included in crown group Proteaceae is Beaupreopsis-type pollen (subfamily Proteoideae) and Macadamia/Helicia-type pollen (subfamily Grevilleoideae) ( Table 1) , both appearing in the Santonian of Australia (Dettmann and Jarzen, 1998) . The diversity of forms in the Late Cretaceous indicates an earlier origin, and several putative Proteaceae pollen are also known from the Turonian and onward in Australia (Dettmann and Jarzen, 1998) , from the Santonian and onwards in Antarctica (Askin and Baldoni, 1998) and from the Cenomanian of Africa (Ward and Doyle, 1994) . According to Dettmann and Jarzen (1998) , the systematic affinity of the early Late Cretaceous records is, however, not fully established.
Buxales-The fossil genus Spanomera includes two species, S. mauldinensis and S. marylandensis, described from mid-Cretaceous strata of the Potomac Group sequence, USA (Drinnan et al., 1991) . The species are based on well-preserved remnants of inflorescences and flowers as well as isolated fruits and stamens. Close relationship to extant Buxaceae is indicated by the opposite and decussate organization of the inflorescence and floral organs, short pedicelled staminate flowers, dorsifixed introrse to latrorse anthers with prominent pointed apical extension of connective, presence of a pistillode in staminate flowers, bicarpellate pistillate flowers, and carpels with a long decurrent stigma. Pollen grains of Spanomera are coarsely striate-rugulate and are distinct from extant Buxaceae in having simple tricolpate pollen, a feature that may be plesiomorphic for Buxales (Drinnan et al., 1991) . The oldest of the Spanomera fossils is S. marylandensis (Table 1) described from the late Albian of Maryland (Drinnan et al., 1991) . Other Early Cretaceous reproductive organs that may represent Buxales include undescribed staminate flowers and fruits from the Aptian-Albian Vale de Agua locality, Portugal (for discussion of age see von Balthazar et al., 2005) . Two types of fruits, one bicarpellate and one tricarpellate are present, both with decurrent stigmatic areas and general morphology, suggesting a relationship with Buxales. The pollen grains are similar to those of Spanomera in aperture configuration and in the coarsely striate-rugulate exine structure. These latter fossils hence specify a minimum age for the stem group of Buxales (Fig. 1, Table 1 ).
Trochodendrales-There are no secure findings of Cretaceous Trochodendrales. Trochodendroides are fossil leaves resembling those of extant Trochodendron, but the family identity is uncertain (Doyle and Hickey, 1976; Crane, 1989) . Fossil fruits and flowers, assigned to the extinct genus Nordenskioldia from the Paleocene, are the earliest fossils with distinct Trochodendrales synapomorphies .
Core eudicots-Five fossils were chosen as constraints within the core eudicots, three basal core eudicots, and two asterids.
Among basal core eudicots Gunneraceae, Droseraceae, and Saxifragales were chosen. Dispersed pollen assigned to the fossil taxon Retitricolpites microreticulatus is very similar to pollen of extant Gunnera in size, aperture configuration, dense reticulum, and sharp profiles of muri, and is generally accepted as a fossil member of the genus Gunnera (Brenner, 1968; Wanntorp et al., 2004) . Retitricolpites microreticulatus is widespread in rocks of Late Cretaceous age from the southern hemisphere where it has been recorded from all continents. Records from the late Cenomanian to Santonian of Romania and India (Jarzen and Dettmann, 1989) are uncertain (Wanntorp et al., 2004) and the earliest reliable record of the genus is from the Turonian of Peru (Jarzen and Dettmann, 1989; Wanntorp et al., 2004) . We have accepted this identification and use it here as a minimum age constraint for the stem node of Gunneraceae (Table 1) .
Palaeoaldrovanda splendens, described from the late Turonian-Santonian Klikov beds of the Czech Republic, is based on small seeds closely resembling those of extant Aldrovanda (Droseraceae) (Knobloch and Mai, 1986) . Synapomorphic characters that link the fossils seeds to extant Aldrovanda include hard testa with an outer epidermis of palisade cells and with a smooth, strongly reflecting surface, short micropylar neck, and extruding, pointed chalazal area Mai, 1986, 1991) . The fossil is used as a minimum age constraint for Droseraceae (Table 1) .
Divisestylus brevistamineus, D. longistaminus, and Divisestylus sp. are three saxifragalean taxa of fossil flowers and fruits described from the Late Cretaceous Old Crossman locality in New Jersey, USA (Hermsen et al., 2003) . In morphology and floral organization, the fossils are closely similar to extant species of Iteaceae and Saxifragaceae (Saxifragales), but cannot be placed in any family with certainty (Hermsen et al., 2003) . The age of the fossils from Old Crossman Clay pit is generally cited as Turonian and we have here used Divisestylus (Table 1) to set the minimum age for Saxifragales at the Turonian.
The oldest fossil that can be related to Cornaceae is Hironoia fusiformis, an extinct genus and species collected from Futaba Group sediments at Kamitikaba, northeastern Japan (Takahashi et al., 2002) . The fossil is based on small three-dimensionally preserved fruits (drupes) with remnants of a perianth. Synapomorphies of the endocarp wall and dehiscence valves observed for the fossil occur in Cornaceae, only in the two genera Nyssa and Mastixia. The fossil taxon cannot be placed with certainty in one of the two genera, and Hironoia is either an early member of the Nyssa/Mastixia clade or it may belong to the stem group leading to this clade. The age of the Futaba group sediments is established as early Coniacian to early Santonian, and fossil plants are thought to belong to the lower part of the sequence, which would give a minimum age for the Nyssa/Mastixia branch of early Coniacian (Table  1) .
Fossils with synapomorphies indicating affinity to members of Pentaphylacaceae and Ternstroemiaceae (the two families are synonymized in APG II, 2003, but may be optionally treated as distinct) are common in the Late Cretaceous and represented by a variety of floral structures as well as fruits and seeds. The oldest fossils of this group are seeds with campylotropous organization and characteristic deep and strongly pitted cells of the outer seed wall. By these synapomorphies, they are clearly assignable to the modern genus Eurya and included in an extinct species, E. crassitesta (Knobloch and Mai, 1986) (Table 1) . Eurya is known from several core samples and exposures in central Europe ranging in age from the Santonian onward (Knobloch and Mai, 1986) .
RESULTS AND DISCUSSION
Stem and crown group ages for all orders and families within the phylogenetically basal eudicots and for major groups of core eudicots obtained by PL and NPRS are given in Table 2 . Generally, the PL ages are younger than the ages obtained by NPRS. The differences are greater toward the terminals and smaller toward the root of the tree, see Table 2 . In the following discussion, we refer to the results of the PL analysis when nothing else is stated. The PL results are also illustrated in Fig. 2 .
The results of this study suggest that the time intervals between the divergences of the basal eudicot lineages are short. This is also what the fossil record indicates. Stem group ages for families are often in the Early Cretaceous and corresponding crown group ages mostly in the Late Cretaceous, indicating that evolution of many families took place in the mid Cretaceous.
The crown group age of eudicots, and consequently the stem group age of Ranunculales were estimated to 120 my. group ages in this study the ages of the ranunculalean clades seem young. Because the ranunculalean clade constitutes about one third of the taxa of the study, but has only one fossil attached within the clade it is possible that the ages within Ranunculales are underestimated. Experimenting with removing other fossils in other clades gives younger ages. However, the estimated ages do not exclude the possibility that some Albian and Aptian leaf imprints, suggestive of Ranunculales, might actually be members of the order. The stem group age of Sabiaceae was estimated to 118 my and the crown group to 91 my. The latter age is somewhat younger than the fossil Insitiocarpus moravicus that was used as minimum age constraint for the stem group Sabiaceae. The stem group of Proteales was estimated to 119 my. Nelumbonaceae was estimated to have originated in the Aptian, 115 Mya, about 10 my before its first occurrence in the fossil record. Proteaceae and Platanaceae diverged in the early Albian, 110 Mya. This age is very close to the first occurrence of reproductive parts and leaves of Platanaceae. The stem group age of Buxales was estimated to 117 my, and the split between Buxaceae and Didymelaceae estimated to 99 my. The stem group age of the small order Trochodendrales was estimated to 116 my.
The pattern of rapid divergence of major lineages continued within the core eudicots, with the divergence of core eudicots already in the Aptian, and the divergence of rosids and asterids a few million years later in the Albian.
Comparisons with other studies-A much-cited study by Wikström et al. (2001) using NPRS estimated the age of the eudicot clade to Late Jurassic. The study used a single internal calibration point for the angiosperms. However, because of great differences in evolutionary rate between different branches of the angiosperm tree as demonstrated by several recent studies (e.g., Soltis et al., 2002) , the use of a single fossil calibration point led to overestimation of the age of the deeper branches, as exemplified by the split between Ceratophyllum and eudicots in the Late Jurassic about 155 Mya. The ages of most of the families within the basal eudicot orders are of the same magnitude in the present study and the study of Wikström et al. The ages of the orders and lower branches within the Ranunculales however, are about 20 my older in the Wikström et al. study. Magallón et al. (1999) used a more conservative approach when they discussed the eudicot origin. They did not perform actual dating, but instead plotted fossils on the consensus phylogenetic tree. The resulting stem group ages differ somewhat from those of the present study. This might be due to the use of some controversial fossils such as the Aptian Trochodendroides as age constraints. Differences in methodology makes comparisons of crown groups difficult. Sanderson and Doyle (2001) estimated the age of the crown group Proteales to 48 my, but pointed out that both Nelumbonaceae and Platanaceae are known from the Albian, and subsequently that the estimated age was too young. The branches leading to Nelumbo and Platanus are relatively short, and the molecular clock method that Sanderson and Doyle used tends to push nodes below short branches toward younger ages. They concluded that the short branches may be the result of a slow down in substitution rate.
Methodological problems-Clearly an incorrect phylogeny could have great impact on age estimates, at least in lower nodes of the tree. In our data set, the family Sabiaceae is [Vol. 92 AMERICAN JOURNAL OF BOTANY problematic because its placement has not been firmly established. In the most parsimonious trees of , Sabiaceae branch off after Proteaceae, but this relationship receives less than 50% support. In the study of Hilu et al. (2003) Sabiaceae branch off before Proteaceae, with just as weak support as in the Soltis et al. study, but with a posterior probability of 1.0. Both studies indicated that Sabiaceae might form a clade with Proteaceae. Because of the uncertain position of Sabiaceae we ran analyses with all these alternative topologies. They yielded no or only small differences in age estimates. It seems as if the results are robust to minor changes in topology, as exemplified by the alternative positions of Sabiaceae. This is consistent with the findings of Bremer et al. (2004) , who explored how different error sources contribute to the variation in ages.
Calibration necessitates at least one node with a fixed age. Furthermore, the r8s program may result in excessively or even impossibly old age estimates if none of the lower nodes is fixed. In this study, the basalmost fossil reference point, and hence the best node to fix, is the stem group of eudicots. It is also suitable because the reference fossil is relatively well dated, i.e., the earliest occurrence of tricolpate pollen in the Barremian, about 124 Mya. The earliest appearance of tricolpate pollen, of course, may underestimate the stem group age of the eudicots. Tricolpate pollen, however, may have evolved several million years after the split of eudicots from their sister group. Alternatively tricolpate pollen may even have evolved before their first appearance in the fossil record, despite their absence from older palynofloras. The fact that different types of tricolpate pollen occurred almost simultaneously around the Barremian-Aptian transition, suggest an origin of eudicots prior to the first occurrence of tricolpate pollen, and some authors have argued that a 124 my age for eudicots is much too young (e.g., Wikström et al., 2001 ). Therefore we tested different analytical approaches to the calibration problem. We performed parallel analyses with the different fossils as separate, fixed-age constraints. This procedure was conducted for all the fossils included, using NPRS and PL-in total more than 20 analyses. These analyses all gave different ages for the stem eudicot node. The mean stem age for eudicots obtained by applying different fixed age nodes, was 144 my for NPRS, and 138 my for PL. The mean of all the different calibration points from the two methods is 141 my, that is about 17 my older than the earliest occurrence of tricolpate pollen. Hence, using fossils other than tricolpate pollen provides a stem group age for eudicots about 141 Ϫ 124 ϭ 17 my older. The range is very uncertain, however, and the variation depending on the reference fossil used as a fixed age constraint is large. Another way of calculating the ''ghost range'' for tricolpate pollen would be by the methods developed by stratigraphic palynologists (Holland, 2003) . Confidence intervals on stratigraphic ranges can thus be calculated for fossils that are abundant and widely distributed. No such calculation has been done for tricolpate pollen, but other studies with this method suggest that the ghost range would be much smaller than 17 my, possibly only a few million years.
Considering the difficulties and uncertainties in obtaining a stem group age for eudicots with other reference fossils than the tricolpate pollen, we finally decided to use the original fixed age of 124 my for the stem group of eudicots, corresponding to the 124-my-old tricolpate pollen grains. Also, the pollen grain is a structure that is abundant and easily preserved; if there were any older fossil tricolpate pollen we should be able to find them, since stratigraphic layers more than 124 my are available and actually contain monocolpate angiosperms and microspores from other seed plants. Even if we consider the possibility that specific pollinators inhibited the pollen from being widely dispersed and preserved, the problem of estimating the ghost range remains. We submit that the calibration approach that we have used is transparent, and could easily be falsified if older tricolpate pollen or perhaps even whole flower structures with in situ pollen were to be found before middle Barremian.
Some studies report similar results from PL and NPRS (e.g., Bremer et al., 2004) . In the present study the age estimates differ (Table 2 ) between these methods. This is expected since we got a relatively high smoothing value from the cross validation process (100). This is probably due to some of the clades behaving more clock-like than other parts of the tree. These clades are mostly found within families, where up to 40% of the nodes do not deviate significantly from a molecular clock. This gives the ages in the PL analyses less freedom to vary than in the NPRS analyses.
Cretaceous firework or artifact from constraints or method?-All our methods rely on the assumption that there is an autocorrelation of evolution rates in adjacent lineages and that some kind of smoothing is reasonable, but could it be that rates change abruptly rather than gradually? This has been suggested by Sanderson and Doyle (2001) . In palaeozoology there has been more debate on the rate of evolution. It has been proposed that events like the Cretaceous-Tertiary boundary mass extinction and the Cambrian Explosion could be artifacts of the rock record (e.g., Benton and Ayala, 2003, and references therein). Other scientists suggest that these events are real and that we should trust the fossil record (Benton et al., 2000) .
Can dating be done without a clock?-To estimate divergence times consistently, we need precise fossil dates on all nodes where rate changes occur. Of course, this is not realistic, but in any case we should avoid to calibrate with only one or a few fossils, as is often done. If we had many fossils placed more or less even over the tree the choice of method would be less important. We need more fossils and these fossils must be well dated and as widely dispersed across the phylogenetic tree as possible. Excluding any of the fossils in this study, clearly gave younger ages for the clade to which the fossil was attached. 
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